Abstract Recombination between infectious bronchitis viruses (IBVs), together with point mutations, insertions, and deletions, is thought to be responsible for the emergence of new IBV variants. SAIBK2 is a nephropathogenic strain isolated from layer flocks vaccinated with live attenuated H120 vaccine in Sichuan province, China in 2011. SAIBK2 causes severe kidney lesions and results in 50 % mortality in 30-day-old specific-pathogen-free chickens (with a dose of 10 5 EID 50 /0.1 mL SAIBK2 per chicken). The complete genome of SAIBK2 consists of 27669 nucleotides, excluding the poly-A tail at the 3 0 end. SAIBK2 has the highest identity to YX10 in terms of complete genome. Phylogenetic analysis of complete sequence showed that SAIBK2 belongs to the most dominant genotype in China. Comparison and recombination analyses with other IBV strains revealed that SAIBK2 may originate from recombination events among a YX10-, a YN-, and a Mass-like strain. Furthermore, whole gene 5 and parts of nsp 3, nsp 4, nsp 16, and N genes are involved in the recombination events, and the uptake of these regions from YN and Mass strains by SAIBK2 may increase its replication efficiency and be responsible for its increased virulence in specific-pathogen-free chickens.
Introduction
Avian infectious bronchitis (IB) is a common, highly contagious, and acute disease of chickens; its pathogen infectious bronchitis virus (IBV) is a member of Gammacoronavirus of Coronaviridae family. IBV can cause pathological lesions in different organs varying from respiratory tract to kidney and gonads, resulting in heavy economic losses.
IBV is an enveloped, non-segmented, single-stranded, positive-sense RNA virus, with a genome approximate 27.6 kb in length. In the genome, two-thirds of the 5 0 region encodes two polyproteins, polyprotein 1a (pp 1a) and polyprotein 1ab (pp 1ab), in which pp 1ab is an extension of pp 1a by a minus 1 frameshift translation mechanism [1] . These two polyproteins are post-translationally processed into fifteen non-structural proteins (nsp 2-16, IBV does not have nsp 1 that is found in some other coronaviruses). The processing of pp 1a/1ab is performed by two virus-encoded proteases: papain-like protease (PL pro ) contained in the nsp 3 and main protease (M pro ) contained in the nsp 5 [2] . Then these fifteen mature nonstructural proteins take part in the process of viral RNA replication and other aspects of viral pathogenesis. Recently, some researches in reverse genetics had found that these nsps may play vital roles in pathogenesis [3, 4] . The remaining one-third of IBV genome encodes four structural proteins: spike glycoprotein (S), small membrane protein (E), membrane glycoprotein (M), phosphorylated nucleocapsid protein (N), and four accessory proteins: 3a, 3b, 5a, and 5b. The S glycoprotein has been demonstrated to be the determinant of cell tropism [5] , and the S1 subunit of S glycoprotein can induce neutralizing and serotypespecific antibodies [6, 7] . The M and E proteins are two membrane-binding proteins. The N protein has the activity to bind viral RNA forming ribonucleoprotein (RNP). All these four structural proteins together with the viral RNA constitute the enveloped virion. The four accessory proteins have been demonstrated to be dispensable for virus replication; their actual functions are still undefined [8, 9] . IBV was firstly detected in the USA as the Massachusetts (Mass)-type in early 1940s. To date, numerous IBV strains have been defined worldwide. IBV has high mutation frequency. Point mutations, insertions, deletions, and recombination are of common occurrence in the IBV genome, which are responsible for the emergence of new IBV strains [10] [11] [12] [13] [14] . In this present study, a novel virulent strain was isolated and designated as SAIBK2 (abbreviation of Sichuan Avian Infectious Bronchitis Kidney 2). To investigate the origin of SAIBK2 and the reason for its increased virulence, the complete genome was sequenced and the complete sequence analyses were performed. The results revealed that SAIBK2 originated from multiple recombination events among a YN-, a YX10-, and a Masslike strains and these recombination events may account for its increased virulence.
Materials and methods

Virus isolation and amplification
Throughout 2011, 435 layer chickens suspected to be infected with IBV were collected from 15 chicken farms from 8 areas in Sichuan province, China. All these flocks were vaccinated with live attenuated H120 vaccine. 53 of the 435 chickens were confirmed to be infected with IBV. Of the 53 disease chickens, 12 were infected by a novel virulence IBV strain which was designated as SAIBK2. 12 tissue samples of swollen kidneys from diseased chickens, infected with SAIBK2, were prepared as 10 % w/v tissue suspensions in 0.1 % phosphate-buffered saline (PBS). Then the tissue suspensions were clarified by centrifugation at 1500 g at 4°C for 10 min, and filtered by 0.22-lm membrane filters. The supernatant was inoculated into the allantoic cavity of 10-day-old embryonated specificpathogen-free (SPF) eggs. The embryos were incubated at 37°C and examined twice daily for their viability. The allantoic fluid was collected at 72 h post-inoculation and stored at -80°C.
Pathogenicity studies
Twenty-one-day-old SPF chicks were used for assessing the pathogenicity of SAIBK2, ten in experiment group and ten in control group, and kept in two isolators with negative pressure. The experiment group was inoculated by oculonasal administration at one-day old with a dose of 10 5 EID 50 /0.1 mL SAIBK2 per chick, and chicks of the control group were mock-inoculated with 0.1 mL sterile allantoic fluid. All chicks were observed daily for signs of disease and death for 30 days after infection. Dead chicks were dissected for the observations of organs.
Viral RNA extraction, RACE, and RT-PCR
Primers were designed on the base of IBV complete genome sequences from GenBank (Table 1 ). 5 primers were used for RACE PCR to amplify 5 0 and 3 0 terminal sequences, and 17 pairs of primers were used to amplify the remaining parts of SAIBK2 genome ( Table 2) .
Viral RNA was extracted from virus-infected allantoic fluid with TRIzol (Invitrogen, USA) following the manufacturer's instructions. Rapid amplification of cDNA ends (RACE) and reverse transcription were performed using 3 0 / 5 0 RACE kit (TaKaRa, Japan) and SuperScript III FirstStrand Synthesis System (Invitrogen, USA) following the manufacturer's instructions.
PCR was conducted with 2 lL cDNA as template in a total of 25 lL reaction volume containing 2.5 lL of 10 9 LA buffer, 5 lL of 2.5 mM dNTPs, 2 lL of 25 mM MgCl 2 , 10 pmol of each primer, and 0.3 lL of LA Taq polymerase (TaKaRa, Japan). The PCR parameters included an initial denaturation for 5 min at 94°C followed by 30 cycles of denaturation at 94°C for 50 s, annealing at 53°C for 50 s, and extension at 72°C for 1-3 min depending on the sizes of the products and a final extension at 72°C for 10 min.
Cloning and sequencing of the genome sequence 17 overlapped PCR fragments spanning the entire genome, 5 0 and 3 0 terminal sequences (19 fragments altogether) were purified from 0.8 % agarose gel with QIAquick PCR Purification Kit (QIAGEN Inc., Valencia, CA). The purified products were cloned into the pMD19-T Vector (TaKaRa, Japan). Nucleotide sequences of each fragment were determined by consensus sequence of three, at least, positive clones. The nucleotide sequences of the positive clones were determined by Sangon Biological Engineering Technology and Services Co., Ltd. Sequences were assembled into complete genome sequence using SeqMan II program of DNAstar software package (DNAStar, Madison, WI).
Genome sequence comparison, phylogenetic, and recombination analysis 42 IBV sequences and 2 bird coronavirus strains (as outgroup) downloaded from GenBank were used in this study. Sequence comparisons and nucleotide identities of complete or partial genome were computed using MegAlign clustal V method. Phylogenetic analysis was conducted using MEGA version 6 with the neighbor-joining method.
The bootstrap values were determined from 1000 replicates of the original data. The IBV sequences were used in this study and their accession numbers are listed in Table 1 .
To identify recombination events, complete genomic sequence of SAIBK2 were compared with those of YX10, YN, and three Mass-type strains (H120, Mass41 2006, and ck/CHLJL/111054), and the results were used for Similarity Plotting analysis using the SimPlot program version 3.5.1 with a window size of 200 bp and a step size of 20 bp. Pairwise comparisons between SAIBK2 and those above-mentioned five viruses were performed to confirm the precise recombination breakpoints. Phylogenetic trees based on every recombinant fragments were constructed to avoid phylogenetic biases derived from ignoring recombination events.
Results
Pathogenicity studies
Obvious clinical signs were observed in all SAIBK2-infected chicks from 3-19 days postinfection (dpi), including ruffled feathers and huddled together. Five of the ten chicks died: one on 4 dpi, two on 6 dpi, and two on 7 dpi, in the SAIBK2-infected group. Gross lesions in the dead chicks were confined mainly to the kidneys. No overt disease was observed and none of the chicks died in control group.
Genome organization of isolate SAIBK2
To obtain the genome sequence of SAIBK2 strain, 17 overlapping large fragments, ranging from 1309 to 2486 bp, were sequenced and assembled using DNAstar software.
The complete genome sequence of SAIBK2 obtained in this study was submitted to Genbank database under the accession number of KU317090. The complete genome of SAIBK2 strain consists of 27669 nt, excluding the poly-A tail at the 3 0 end, which encodes 6 genes. Gene 1 has a length of 19892 nt, consisting of 2 overlapping ORFs, ORF1a, and ORF1b which are separately 11859 and 8105 nt in length. There are 50 nt overlap between Gene 1 and Gene 2. Gene 2 with a length of 3501 nt has a single ORF, encoding S glycoprotein which is cleavaged into 2 subunits S1 and S2 with 1620 and 1881 nt in length, respectively (encoding 540 and 626 aa). Between Gene 2 and Gene 3, there are 4 nt overlap. Gene 3 has 675 nt consisting of 3 overlapping ORFs, encoding 2 accessory proteins (3a and 3b), and structural protein E with 174, 192, and 330 nt in length, respectively (encoding 57, 62, and 109 aa). Between 3a and 3b, 3b and E, there are 1 and 20 nt overlap, respectively. There are 29 nt overlap between Gene 3 and Gene 4. Gene 4 contains 678 nt, encoding M protein of 225 aa. A 361 nt non-encoding region is detected between Gene 4 and Gene 5. Gene 5 containing 443 nt consists of 2 overlapping ORFs, ORF5a and ORF5b, which are 198 and 249 nt in length, respectively (encoding 65 and 82 aa). There are 58 nt overlap between Gene 5 and Gene 6. Gene 6, encoding N protein, contains 1230 nt (encoding 409 aa). Untranslated regions (UTRs) at 5 0 -end and 3 0 end of the genome are 528 and 505 nt in length, respectively (Fig. 1) .
Genome sequence analyses
Genome sequence comparison
BLAST searches with the complete genome sequence of SAIBK2 showed that it is most similar to that of YX10, sharing 96.1 % nucleotide identity. Compared with YX10, there are a 3-nt insertion at 341-343 nt, a 3-nt deletion at 3269-3298 nt, and a 4-nt deletion at 25554-25557 nt in SAIBK2 genome. To further evaluate the nucleotide sequence identities between isolate SAIBK2 and other IBV strains, sequence alignments between the complete or partial genomic sequences of SAIBK2 and 16 IBV strains from GenBank (Table 1) were performed. As shown in Table 3 , SAIBK2 shows the highest similarity with YX10 
Phylogenetic analysis
In order to study the genetic relatedness between SAIBK2 and other IBV strains, the sequence of SAIBK2 was compared with complete genomic sequences of 39 IBV and 2 bird coronavirus from GenBank (Table 1) to construct phylogenetic tree. Based on the Phylogenetic tree, we grouped IBV strains into 5 clades (Fig. 1) . Group I was constituted by Mass-genotype strains. Group II was 4/91 genotype. The third group is constituted of two Africa strains and one Europe strain. The fourth group was formed by two China strains and one Taiwan strain. Isolate SAIBK2 was clustered into group V, which was exclusively formed by China strains. This result revealed that SAIBK2 belongs to the most predominant genotype in China (Fig. 2 ).
Recombination analysis
To detect possible recombination events within SAIBK2 genomic sequence, SimPlot analysis was used to show the consecutive nucleotide identity between SAIBK2 and other IBV complete sequences from GenBank. The results indicated that SAIBK2 may be a mosaic formed by a YX10-, a YN-, and a Mass-like strain (Fig. 3) . To find out the regions where the template switches (breakpoint) have taken place, pairwise comparison between the complete genomic sequences of SAIBK2, YX10, YN, and Mass41_2006 was performed, and six breakpoints were found as shown in Fig. 4 . The first recombination breakpoint is located in the nsp 3 (5874-5887 nt), the second is located in the nsp 4 (8103-8116), the third and fourth breakpoints are located in nsp 16 (19843-19868 and 20326-20345 nt, respectively), the fifth breakpoint is located in the non-coding region between ORF4 and ORF5 (25321-25328 nt), the last is located in N gene (26225-26247 nt). These results revealed that the YX10-like strain is the major parent of SAIBK2 and the first two recombinant regions (5888-8102 and 19869-20325 nt) are from the YN-like strain, the third region (25329-26224 nt) is from the Mass-like strain. To further verify these three above-mentioned recombinant events, the sequence identity (Table 4 ) and phylogenetic analyses (Fig. 3b) among corresponding regions of SAIBK2, YN, YX10, and three Mass-like strains were performed. The results showed that SAIBK2 has higher similarity with YX10 than YN and Mass-like viruses in the regions of 1-5873, 8111-19842, 20346-25320, and 26248-27713 nt. In contrast, SAIBK2 is more similar to YN than YX10 and Mass-type strains in the regions of 5888-8102 and 19869-20325 nt, and is more similar to Mass-like strains in the region of 25329-26224 nt (Table 4 ). In line with the results obtained from the Simplot analysis and identity analysis (Table 4) , phylogenetic trees constructed using the corresponding gene fragments also showed the same results (Fig. 3) . These results suggested that SAIBK2 arose from a series of homologous RNA recombination events from multiple template switches involving a YX10-, a YN-, and a Masslike strain, and that nsp3, nsp4, nsp12, ORF5, and N gene are involved in the three recombinant events.
Discussion
According to the result of sequence identity analysis based on complete genome, SAIBK2 was most similar to YX10. Subsequently, sequence identity analyses based on partial genomic regions showed that SAIBK2 shared higher similarities with other reference strains than YX10 in some partial genomic regions, as shown in Table 3 . These results implicated that recombination events might happen during the evolution of SAIBK2. In coronaviruses, including IBV, recombinant events efficiently happen and it has been well documented to be responsible for the emergence of new variants [11, [14] [15] [16] .
To investigate whether recombination events took place during the evolution of SAIBK2. SimPlot analyses were conducted and three recombination events were illustrated in the results (Fig. 3a) . The study of sequence identities (Table 4 ) and phylogenetic analyses (Fig. 3b) based on corresponding regions both further confirmed the results of SimPlot analyses. As the results of sequence identity and SimPlot analyses exhibited, YX10 is the major parent of SAIBK2. YX10 was isolated in Zhejiang province, China in 2010, and caused 25 % mortality in SPF chicken [17, 31] . Compared with YX10, mortality in SPF chicken [18] . According to the result of SimPlot analyses, SAIBK2 genomic regions of 5888-8102 and 19869-20325 nt were from YN-like strain, and these two regions encode several highly hydrophobic stretches and S-adenosyl-L-methionine (SAM)-dependent methyltransferases (MTase), respectively [19] [20] [21] [22] [23] . Meanwhile, Mass-based live attenuated IBV vaccines, including H120, are used extensively in China, and SAIBK2 genomic region of 25329-26224 nt was from Mass-like strain; this region contains Gene 5 and N-terminal domain of N protein. All the three regions above-mentioned involved in recombination events have been documented to act important roles in virus replication [24] [25] [26] [27] [28] [29] [30] . Nevertheless, IBV pathogenicity is regulated by multiple genes; these above-mentioned recombination events, together with mutations in the SAIBK2 genome, altered the replication efficiency and resulted in the increased virulence, as observed. However, further investigations by reverse genetic system should provide more profound insight into this issue and increase the understanding of IBV pathogenesis. China has a large number of chickens and most of them are kept at a rather high density; this situation increased the odds of chicken multiple-infection by several IBV strains. In this case of SAIBK2, YX10-and YN-like strains are very likely to spread in chicken flocks simultaneously; meanwhile, Mass-type live attenuated vaccine was used in the flocks from which we got the disease chickens. Overall, current results provide convincing evidence that SAIBK2 originated from recombination events, in which a YX10-like strain is the major parent and another two strains, a YN-and a Mass-like strains, are the minor parents.
In conclusion, this work implicates that recombination between IBV strains may account for the increasing of IBV virulence. In addition, multiple IBV infection may be a requirement for IBV recombination. Consequently, it continues to be important to put emphasis on surveillance for better control of IBV. Virus Genes (2016) 52:509-520 519
